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Abstract
Kupffer cells are macrophages in the liver whose major role is to clear circulating pathogens.
Decreased phagocytic capacity of Kupffer cells may result in severe systemic infection. We tested
the hypothesis that the depressed Kupffer cell phagocytic capacity following trauma-hemorrhage is
enhanced by estrogen administration and this occurs due to maintenance of Fc receptor expression
and cellular ATP content via the activation of Akt. Male C3H/HeN mice were subjected to sham
operation or trauma-hemorrhage and sacrificed 2 h thereafter. Estrogen, with or without an estrogen
receptor antagonist (ICI 182,780), a PI3K inhibitor (Wortmannin), or vehicle, was injected during
resuscitation. Kupffer cell phagocytic capacity was tested in vivo. The expression of Fc receptors,
of Akt phosphorylation, of p38 MAPK phosphorylation, of DNA binding activity of NF-κB and ATP
content of Kupffer cells were also determined. Trauma-hemorrhage suppressed Kupffer cell
phagocytosis by decreasing Fc receptor expression and Akt activation; however, it induced p38
MAPK activation and increased NF-κB activity. Cellular ATP levels were also decreased following
trauma-hemorrhage. Administration of estrogen following trauma-hemorrhage increased phospho-
Akt levels and normalized all the parameters described as well as plasma levels of TNF-α, IL-6, and
IL-10. Coadministration of ICI 182,780 or Wortmannin abolished the beneficial effects of estrogen
in improving the phagocytic capacity of Kupffer cells following trauma-hemorrhage. Thus, activation
of Akt plays a crucial role in mediating the salutary effect of estrogen in restoring trauma-
hemorrhage-induced suppression of Kupffer cell phagocytosis.

The immune response to microbial pathogens relies on both innate and adaptive immunity.
Macrophages, as specialized phagocytes, play an important role in bridging innate and adaptive
immunity by killing the pathogens through the process of phagocytosis, and presenting the
microbial peptides to T cells that result in specific T cell activation. Therefore, phagocytosis
is one of the first steps of the host defense system to remove pathogens and trigger the adaptive
immune response. Kupffer cells are the largest population of resident macrophages in the body
and act as an important defense barrier against systemic pathogens (1). By i.v. injecting bacteria
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or colloid particles, studies have shown that Kupffer cells can take up 80–90% of all the injected
bioparticles and play a dominant role in the clearance of circulating pathogens (2,3). Trauma-
hemorrhage is characterized by prolonged immune suppression and profound deterioration of
immune functions leading to secondary complications such as sepsis, multiple organ failure
and subsequent mortality (4–8). Previous studies have demonstrated that Kupffer cells can
elicit a profound inflammatory response and their phagocytic capacity is depressed following
trauma-hemorrhage (9,10); however, the precise mechanism responsible for producing the
depressed capacity following trauma-hemorrhage and the mechanisms regulating phagocytosis
under those conditions are not known. In this regard, PI3K and its downstream signaling
molecule, protein kinase B (also known as Akt), have been shown to play an important role in
regulating phagocytosis. Although binding of IgG-opsonized particles to the Fc receptors
triggers phagocytosis through actin polymerization, mobilization, membrane extension and
particle engulfment (11), inhibition of PI3K/Akt blocks the Fc receptor-mediated phagocytosis
of IgG-opsonized particles and bacteria (12). Furthermore, our previous studies have
demonstrated that the activation of Akt (phospho-Akt) is decreased in the liver following
trauma-hemorrhage (13). Thus, it is likely that a decrease in phospho-Akt may also influence
the Kupffer cell phagocytic capacity following trauma-hemorrhage.

It has been demonstrated that estrogen modulates immune responsiveness, restores or
normalizes the altered immune responses following trauma-hemorrhage (8,14–18). Of
numerous mechanisms that have been studied for the salutary effects of estrogen on immune
function after trauma-hemorrhage, it has been consistently shown that the PI3K/Akt pathway
mediates the protective effect of estrogen in vital organs such as heart, liver, and intestine
(13,19–22). In the current study, we tested the hypothesis that traumahemorrhage impairs
Kupffer cell phagocytosis through inhibition of Akt activation, whereas administration of
estrogen improves Kupffer cell phagocytosis by increasing Akt activation under those
conditions.

Materials and Methods
Mouse trauma-hemorrhagic shock model

Male C3H/HeN mice 8-wk-old and weighing 22–25 g (Charles River Breeding Laboratories)
were fasted overnight before the experiment but were allowed water ad libitum. All
experiments were performed in adherence with the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care
and Use Committee of the University of Alabama at Birmingham. Animals were anesthetized
with isoflurane (Minrad) and restrained in a supine position. A midline laparotomy (2 cm) was
performed, which was then closed in two layers with sutures (Ethilon 6/0; Ethicon). Both
femoral arteries and a femoral vein were cannulated with polyethylene-10 tubing (BD
Biosciences). Blood pressure was measured via one of the arterial catheters using a blood
pressure analyzer (MicroMed). Upon awakening, the mice were bled rapidly through the other
arterial catheter to a mean arterial blood pressure of 35 ± 5 mm Hg within 10 min, which was
then maintained for 90 min. At the end of that interval, the animals were resuscitated via the
venous line with four times the shed blood volume using Ringer’s lactate solution over 30 min.
After ligating the blood vessels, catheters were removed; the incisions were flushed with
lidocaine and closed with sutures. Sham-operated animals underwent laparotomy and the same
groin dissection, which included cannulation and ligation of the femoral artery and vein, but
neither hemorrhage nor resuscitation was conducted. The animals were killed at 2 h after the
end of resuscitation or sham operation.
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Assignment of animal groups for treatment
Animals subjected to trauma-hemorrhage were allocated randomly into four groups receiving
vehicle (cyclodextrin via i.v. administration; Sigma-Aldrich), 17β-estradiol (estrogen, 1 mg/
kg body weight i.v.; Sigma-Aldrich), estrogen plus the PI3K inhibitor Wortmannin (1 mg/kg
body weight i.p.; Sigma-Aldrich), or estrogen plus a high-affinity estrogen receptor antagonist
ICI 182,780 (3 mg/kg body weight i.p.; Tocris Cookson) at the beginning of resuscitation.
Sham animals received injection of either vehicle or estrogen at time points corresponding to
the trauma-hemorrhage groups.

Preparation of plasma and Kupffer cells
Blood was obtained via cardiac puncture and was centrifuged at 2500 × g for 10 min. The
plasma was collected and stored at −80°C until analyzed.

Kupffer cells were isolated as previously described (23). In brief, the portal vein was
catheterized with a 27-gauge needle, and the liver was perfused with 20 ml of HBSS (Life
Technologies) at 37°C, immediately followed by perfusion with 15 ml of 0.05% collagenase
IV (Worthington Biochemical) in HBSS with 0.5 mM CaCl2 (Sigma-Aldrich) at 37°C. The
liver was then removed and transferred to a petri dish containing the mentioned collagenase
IV solution. The liver was minced, incubated for 15 min at 37°C, and passed through a sterile
mesh stainless steel screen into a beaker containing 40 ml of cold HBSS with 10% FBS. The
hepatocytes were removed by centrifugation at 50 × g for 3 min. The residual cell suspension
was washed twice by centrifugation at 800 × g for 10 min at 4°C in HBSS. The cells were then
resuspended in complete William’s E medium containing 10% FBS and antibiotics (50 U/ml
penicillin, 50 µg/ml streptomycin, and 20 µg/ml gentamicin, all from Life Technologies) and
layered over 16% Histodenz (Sigma-Aldrich) in HBSS and centrifuged at 3000 × g for 45 min
at 4°C. After removing the nonparenchymal cells from the interface, the cells were washed
twice by centrifugation (800 × g for 10 min at 4°C) in complete William’s E medium. Following
this step, different procedures were used for different studies. For the determination of ATP
content or for Kupffer cell culture, Kupffer cells were resuspended in complete RPMI 1640
medium at a concentration of 5 × 106/ml. For the measurement of phospho-Akt, the Kupffer
cells were washed two times in PBS and lysed in the lysis buffer according to the
manufacturer’s instructions (see below), then stored at −80°C until assayed. For the
phagocytosis assay and the measurement of Fc receptor expression, the Kupffer cells were
washed in PBS twice and resuspended in staining buffer (1% FBS and 0.09% sodium azide in
PBS) followed by the steps described below for flow cytometric study.

Kupffer cell culture
The cells were resuspended in complete RPMI 1640 medium and plated in a 96-well plate at
a cell density of 5 × 106 cells/ml. After 2 h of incubation (37°C, 95% humidity, and 5%
CO2), nonadherent cells were removed by washing with complete RPMI 1640 medium. We
compared the number of adherent cells at the end of 2 h and found no significant difference in
the number of adherent cells from sham and trauma-hemorrhage mice. The cells were then
cultured under the described conditions for 24 h with 1 µg/ml LPS (Sigma-Aldrich). The cell-
free supernatants were harvested and stored at −80°C until assayed.

Preparation of phagocytosis assays
Because lysosomes are acidified to kill ingested pathogens following phagocytosis, a pHrodo
Escherichia coli bioparticle conjugate (Molecular Probes), which emits strong fluorescence in
acidic surroundings was used to evaluate Kupffer cell phagocytosis. For the in vivo
phagocytosis assay, the particle was dissolved in 0.9% sodium chloride solution at a
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concentration of 2 mg/ml, and 400 µg/mouse was i.v. injected right before the beginning of
resuscitation or at corresponding time points for sham in all the animals if not differently stated.

Measurement of phagocytosis and expression of Fc receptors by flow cytometry
The Kupffer cells were resuspended in staining buffer and incubated with FITC-conjugated
anti-CD16/CD32 (FcγRIII/RII) Ab (clone 2.4G2; BD Pharmingen) for 15 min on ice. After
washing the cells with staining buffer two times, they were incubated on ice with purified anti-
CD16/CD32 Fc blocking Ab (BD Pharmingen) for another 15 min. In the presence of the
blocking Ab, the cells were then incubated on ice with allophycocyanin-Alexa Fluor 750-
conjugated anti-CD11b Ab for 45 min. Following two washes in staining buffer, the cells were
resuspended in 200 µl of staining buffer and analyzed using the LSRII flow cytometer (BD
Biosciences). Isotype-matched IgGs were used as a nonspecific staining control, and
appropriate single-stained compensation controls were also used. The cell populations gated
as CD11b+ were analyzed. Data analysis was conducted using the FACSDiva software (BD
Biosciences). For the measurement of phagocytosis, cells were prepared the same as described
but without the staining of FITC-conjugated anti-CD16/CD32 Ab.

Measurement of phospho-Akt and phospho-p38α by ELISA
The relative amount of phospho-Akt and phospho-p38α protein in Kupffer cells was
determined using Duoset IC ELISA kit for phospho-Akt and phospho-p38α (R&D Systems).
Briefly, lysis buffers were prepared according to the manufacturer’s instructions, and a 96-well
microplate was coated with phospho-Akt or phospho-p38α capture Ab and incubated overnight
at room temperature before use. Isolated Kupffer cells were solubilized in lysis buffer at a
concentration of 1 × 107 cells/ml and the cell lysates were added into wells at a volume of 100
µl/well and incubated for 2 h. The phospho-Akt or phospho-p38α detection Ab was then added
to each well after the washing procedure, followed by 1 h of incubation. The relative amount
of phospho-Akt and phospho-p38α protein was then detected using a standard streptavidin-
HRP format and the absorbance was read at 450 nm followed by 570 nm subtraction. The value
of phospho-Akt and phospho-p38α was normalized to the protein content of each group before
statistical analysis.

DNA binding activity of activated NF-κB
DNA binding activity was evaluated using the TransAM ELISA method (Active Motif)
according to the manufacturer’s instructions. To prepare nuclear extract, 5 × 106 cells were
washed with ice-cold PBS containing phosphatase inhibitors. Cells were resuspended in 500
µl of cytosolic lysis buffer, which was provided by the manufacturer. After 15 min, nuclei were
separated by centrifugation at 14,000 × g for 30 s. The supernatant that contained the cytosolic
proteins was then removed. The pellet, containing nuclei, was resuspended in 50 µl of lysis
buffer provided by the TransAM ELISA kit. After 30 min of incubation, nuclei were clarified
by high-speed centrifugation (14,000 × g for 10 min). Nuclear extract was assayed for the DNA
binding activity of NF-κB according to the protocol of the TransAM kit. Briefly, the DNA
binding motif of NF-κB (5′-GGGACTTTCC-3′) is coated to a 96-well plate. When nuclear
extracts are added to the plate, the activated NF-κB binds to the DNA causing the exposure of
an epitope, which is recognized by a primary Ab directed against p65. A HRP-conjugated
secondary Ab provides a sensitive colorimetric reaction, which is quantified by
spectrophotometry. Absorbances were read at 450 nm with a reference wavelength of 655 nm.

Measurement of Kupffer cell ATP content
Cellular ATP content of Kupffer cells was measured using an ATP determination kit
(Molecular Probes). Briefly, a standard reaction solution containing luciferin, firefly luciferase,
DTT, and reaction buffer was prepared according to the manufacturer’s instruction. For
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determination of ATP, 90 µl of the standard reaction solution was added to 10 µl of suspended
Kupffer cells or ATP standard. The measurement was performed with a Victor 3V multilabel
counter (PerkinElmer Precisely).

Flow cytometric analysis of cytokine concentration
Plasma and Kupffer cell supernatant cytokine concentrations were determined with cytometric
bead arrays using flow cytometry according to the manufacturer’s instructions (BD
Pharmingen). Briefly, 50 µl of mixed capture beads was incubated with a 50-µl sample for 1
h at 25°C, and then 50 µl of mixed PE-conjugated detection Ab was added. After incubation
for 1 h at 25°C in the dark, the complexes were washed twice and analyzed using the LSRII
flow cytometer. Data analysis was conducted using the FACSDiva and FCAP array software
(BD Biosciences).

Statistics
Statistical analysis was performed using Sigma-Stat computer software (SPSS). Statistical
significance was assumed where probability values of less than 0.05 were obtained.
Comparisons between groups were performed using one-way ANOVA followed by Tukey’s
test. Results are expressed as mean ± SEM.

Results
Akt, phospho-38α phosphorylation, NF-κB activity and phagocytic capacity in Kupffer cells
following trauma-hemorrhage

Fig. 1 shows those Kupffer cells that have ingested bioparticles. Kupffer cell phagocytosis was
suppressed by more than 50% following trauma-hemorrhage compared with shams. In parallel,
the phosphorylation of Akt was also decreased by ~50% following trauma-hemorrhage
compared with shams (Fig. 2).

We next examined whether estrogen administration could prevent the decrease in phospho-
Akt following trauma-hemorrhage. Similar to results shown in Fig. 2, trauma-hemorrhage
induced a marked decrease in Akt phosphorylation compared with shams. Administration of
estrogen prevented the decrease in Akt phosphorylation following trauma-hemorrhage. The
estrogen-mediated restoration of Akt phosphorylation following trauma-hemorrhage was
abolished when Wortmannin was coadministered with estrogen. Furthermore,
coadministration of ICI 182,780 with estrogen also prevented the estrogen-induced increase
in Akt phosphorylation. There was no difference in Akt phosphorylation in sham animals
treated with estrogen or vehicle (Fig. 3).

Administration of estrogen also prevented the decrease in Kupffer cell phagocytic capacity
following trauma-hemorrhage (Fig. 4). The enhancement in the phagocytic capacity by
estrogen following trauma-hemorrhage was abolished when either Wortmannin or ICI 182,780
was coadministered with estrogen. Administration of estrogen in sham animals did not
influence the Kupffer cell phagocytic capacity (Fig. 4).

To determine whether there were any other important signaling molecules that might mediate
the salutary effect of estrogen on Kupffer cell phagocytosis following trauma-hemorrhage, we
studied the activation of p38α MAPK and NF-κB of Kupffer cells under those conditions. In
our previous studies, these two molecules have been shown to play an important role in the
activation of Kupffer cell proinflammatory response following trauma-hemorrhage (10,24–
26). Unlike those seen in Akt activation, trauma-hemorrhage induced a marked increase in
p38α phosphorylation compared with shams. Administration of estrogen prevented the
increase in p38α phosphorylation following trauma-hemorrhage. The estrogen-mediated
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restoration of p38α phosphorylation following trauma-hemorrhage was abolished when ICI
182,780 was coadministered with estrogen. There was no difference in p38α phosphorylation
in sham animals treated with estrogen or vehicle (Fig. 5A).

Trauma-hemorrhage also induced a significant increase in NF-κB activity compared with
shams. Administration of estrogen suppressed the increase in NF-κB activity following trauma-
hemorrhage. The estrogen-mediated suppression of NF-κB activity following trauma-
hemorrhage was abolished when Wortmannin or ICI 182,780 was coadministered with
estrogen. There was no difference in NF-κB activity in sham animals treated with estrogen or
vehicle (Fig. 5B).

CD16/32 (FcγRIII/RII) expression in Kupffer cells
To determine whether there were any changes in Fc receptor expression following trauma-
hemorrhage and whether such changes contribute to the altered phagocytic capacity of Kupffer
cells, Kupffer cells were surface-stained with FITC-conjugated anti-CD16/32 after isolation
and were analyzed by flow cytometry. The relative mean fluorescence intensity of each group
was compared with the sham vehicle group. In two separate experiments, mice were either
injected or not with pHrodo E. coli bioparticles. When bioparticles were not injected, the Fc
receptor expression on the Kupffer cells from mice following trauma-hemorrhage was
significantly lower than that in sham group (Fig. 6A). Furthermore, administration of estrogen
significantly enhanced the expression of Fc receptor following trauma-hemorrhage and
normalized it to sham levels. The effects of estrogen were abolished when either Wortmannin
or ICI 182,780 was coadministered with estrogen. The expression of Fc receptors from these
two groups was similar to those of cells treated with vehicle after trauma-hemorrhage. No effect
of estrogen on Fc receptor expression was observed in shams (Fig. 6A).

When bioparticles were injected, the Fc receptor expression on the Kupffer cells showed a
reverse pattern compared with the cells from mice not injected with bioparticles. The results
summarized in Fig. 6B indicate a higher Fc receptor expression on Kupffer cells following
trauma-hemorrhage comparison of shams. However, cells from mice treated with estrogen
following trauma-hemorrhage had a similar level of Fc receptor expression as shams. The effect
of estrogen on Fc receptor expression was abolished when Wortmannin or ICI 182,780 was
coadministered with estrogen.

Kupffer cell ATP content
ATP levels of Kupffer cells from mice treated with vehicle following trauma-hemorrhage were
significantly decreased compared with those of sham mice (Fig. 7). Administration of estrogen
restored Kupffer cell ATP levels, which were abolished by the coadministration of Wortmannin
or ICI 182,780. The ATP levels of the cells from sham mice treated with or without estrogen
showed no significant difference (Fig. 7).

Plasma cytokine levels and Kupffer cell cytokine production capacity
Trauma-hemorrhage induced a significant increase in the concentrations of TNF-α, IL-6 and
IL-10 compared with those of shams (Fig. 8). Administration of estrogen following trauma-
hemorrhage normalized plasma cytokine concentrations to sham levels (Fig. 8). The salutary
effect of estrogen was abolished when Wortmannin or ICI 182,780 was coadministered with
estrogen. The plasma cytokine concentrations in sham mice treated with or without estrogen
showed no significant difference (Fig. 8).

The levels of TNF-α, IL-6, and IL-10 were also measured in Kupffer cell culture supernatants.
The results showed that Kupffer cell production capacity of all three cytokines was significantly
increased following trauma-hemorrhage compared with shams (Fig. 9). Administration of
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estrogen following trauma-hemorrhage normalized Kupffer cell cytokine production.
However, the salutary effects of estrogen were abolished when Wortmannin or ICI 182,780
was coadministered with estrogen. Administration of estrogen in sham mice did not
significantly affect Kupffer cell cytokine production (Fig. 9).

Discussion
The immune response to microbial pathogens relies on both innate and adaptive immunity.
Macrophages can kill the pathogens by phagocytosis and subsequently present Ag to T cells,
resulting in T cell activation and initiation of the adaptive immune response. Phagocytosis,
therefore, is the first step of the host defense system to remove pathogens. Because Kupffer
cells are the largest population of resident macrophages in the body and act as an important
defense barrier against systemic infection (2,3), decreased phagocytic capacity of Kupffer cells
may weaken both innate and adaptive immunity.

Previous studies from our laboratory have shown that Kupffer cells play an important role in
the inflammatory response following trauma-hemorrhage (27). We have shown that following
trauma-hemorrhage, Kupffer cells produce increased amounts of proinflammatory cytokines
(i.e., IL-6, TNF-α) both in vitro and in vivo (27,28). We also found that TLR4 up-regulation
produced an inflammatory cascade involving activation of p38 MAPK and NF-κB, which in
turn led to the release of proinflammatory cytokines (25,29). In contrast to the increased
Kupffer cell cytokine production following trauma-hemorrhage, the present study showed that
the phagocytic capacity of the Kupffer cell was decreased. Hence, mechanisms independent
from cytokine production may be responsible for the differences between phagocytosis and
cytokine production in Kupffer cells following trauma-hemorrhage. Our results revealed that
the expression of Fc receptors is significantly decreased on Kupffer cells following trauma-
hemorrhage compared with shams. These findings are consistent with our previous reports
indicating that the expression of Fc receptors on peritoneal macrophages as well as the Fc
receptor-mediated phagocytosis of those cells was significantly decreased at 12 or 24 h after
hemorrhage compared with controls (30,31). We also measured the Fc receptor expression in
animals that were injected with bioparticles. The patterns of the relative amount of Fc receptor
expression between sham and trauma-hemorrhage groups were reversed compared with those
not injected with bioparticles. Under these conditions, we found that the Fc receptor expression
on Kupffer cells from sham mice was significantly lower than that in trauma-hemorrhage mice.
This suggests that the Fc receptors were internalized along with the bioparticles during
phagocytosis; hence the density of Fc receptors on the surface of Kupffer cells from sham
groups was temporarily lower than that from the trauma-hemorrhage group.

Although numerous proteins and pathways are involved in the signal transduction during Fc
receptor-mediated phagocytosis, the PI3K/Akt pathway is required for actin filament
remodeling and membrane extension, a key process of phagocytosis (32–34). Studies have
shown that Fc receptor stimulation can induce Akt activation. Furthermore, administration of
the PI3K inhibitor Wortmannin abolished the Akt activation-induced phagocytosis (12,35).
Conversely, overexpression of Akt in macrophages enhances phagocytic capacity (36).
Previous studies from our laboratory have also shown that Akt activation was decreased in
various tissues and cell types (i.e., hepatocytes, cardiomyocytes, and intestine) following
trauma-hemorrhage (13,19,21,37). Therefore, it could be suggested that inhibition of Akt
activation following trauma-hemorrhage is the key factor affecting numerous cellular
processes including Kupffer cell phagocytic capacity.

It is well recognized that phagocytosis is an energy-consuming process. Borregaard and Herlin
(38) compared ATP contents of resting and phagocytozing human neutrophils. They found that
the ATP content fell rapidly during phagocytosis, indicating significant energy is needed for

Hsieh et al. Page 7

J Immunol. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the phagocytic process. Moreover, to show that oxygen is required for ATP production, Leeper-
Woodford and Mills (39) demonstrated that the ATP levels and phagocytic function of alveolar
macrophages were decreased if the cells were cultured in hypoxic environment. Additionally,
our recent studies showed that the ATP production is decreased in Kupffer cells following
trauma-hemorrhage (40). In that study, we found that TLR4 expression in Kupffer cells from
wild-type mice was increased 2 h after trauma-hemorrhage, whereas the ATP levels were
decreased. In contrast, decreased ATP levels were not observed in TLR4-mutant mice (40).
Akt also regulates the availability of ATP for the cells because activation of Akt maintains cell
survival by allowing cells to continuously import glucose and prevent cells from ATP depletion
(20,41). Because regional hypoxia occurs following trauma-hemorrhage (42,43), the
traumahemorrhage-induced hypoxia produces an unfavorable environment for the production
of ATP. Furthermore, the decreased phospho-Akt may exacerbate the ATP depletion, thus
resulting in impaired phagocytosis following trauma-hemorrhage.

A number of our studies have shown that immune functions are depressed in males as well as
in ovariectomized and aged females following trauma-hemorrhage, but are maintained in
proestrus females under those conditions (8,16,17,44). Our current results are in line with the
previous studies demonstrating that decreased Kupffer cell phagocytic activity following
trauma-hemorrhage is restored by estrogen administration. Our results indicate that the salutary
effects of estrogen appear to be due to: 1) the improvement of Fc receptor expression; 2) the
increased Akt activity; or 3) the increased ATP content. There are several studies supporting
our findings. Gomez et al. (45) treated splenic macrophages with estrogens and found that
estrogens enhance the clearance of IgG-sensitized cells by improving FcγR expression. Our
previous studies demonstrated that the PI3K/Akt pathway mediates the cardioprotective and
hepatoprotective effects of estrogen following trauma-hemorrhage, as coadministration of
PI3K inhibitor abolished the beneficial effect of estrogen (13,22). Furthermore, consistent with
this study, we have also shown significantly lower ATP contents in Kupffer cells following
trauma-hemorrhage compared with sham. These levels were, however, restored to sham levels
by estrogen administration following trauma-hemorrhage (40). Our previous studies using
selective estrogen receptor-α and estrogen receptor-β agonists have shown that the salutary
effects of estrogen such as normalizing cellular responses following trauma-hemorrhage were
mediated predominately via estrogen receptor-α (26,46).

In contrast to suppressed phagocytic capacity following trauma-hemorrhage, the Kupffer cells
are activated in terms of inflammatory cytokine production and are well known to be a major
contributor of the increased plasma inflammatory cytokine levels following trauma-
hemorrhage (27). The plasma inflammatory cytokine levels as well as Kupffer cell cytokine
productive capacity were significantly increased after trauma-hemorrhage. Administration of
estrogen normalized the cytokine levels to those of shams. This reciprocal regulation of
decreased phagocytic capacity and increased cytokine production in Kupffer cells following
trauma-hemorrhage suggests that different signaling pathways might be involved under these
conditions. Our previous studies have shown that in addition to Akt, p38 MAPK is another
important signaling molecule involved in the regulation of Kupffer cell activity following
trauma-hemorrhage (10,25). In contrast to the decreased activity of Akt, the current study and
our previous studies revealed that the activity of the p38 MAPK in Kupffer cells was markedly
increased following trauma-hemorrhage. Moreover, the activity of NF-κB of the Kupffer cells
was also up-regulated following trauma-hemorrhage. Although NF-κB has been shown to be
a downstream molecule of the PI3K/Akt or MAPK pathway and could be activated either via
p38 MAPK or Akt activation (47), our results suggested that the increased activation of NF-
κB following trauma-hemorrhage, was mediated by the increased p38 MAPK activation but
not by Akt activation (10,21,22,25). Furthermore, the increased NF-κB activity resulted in
increased proinflammatory cytokine production by Kupffer cells following trauma-
hemorrhage and was normalized by estrogen administration following trauma-hemorrhage.
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Our results also indicate that following trauma-hemorrhage, the phenotype of Kupffer cells
changed from microbial-cleaning phagocytes into cytokine-producing cells. This change in
phenotype may be considered a form of immune dysregulation, although estrogen was able to
normalize it.

In summary, trauma-hemorrhage had a negative impact on the phagocytic capacity of Kupffer
cells by inhibiting several critical mechanisms simultaneously. Furthermore, down-regulation
of Akt activation worsened the ATP availability and Fc receptor-mediated phagocytosis,
indicating the importance of Akt activation in phagocytic capacity. Administration of estrogen
significantly increased phospho-Akt levels and restored Kupffer cell phagocytic capacity.
Taken together, these show that activation of Akt plays an important role in mediating the
salutary effect of estrogen in restoring Kupffer cell phagocytic capacity following trauma-
hemorrhage (Fig. 10).
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FIGURE 1.
Kupffer cell phagocytic capacity following trauma-hemorrhage. Mice were subjected to sham
operation or trauma-hemorrhage. In vivo phagocytosis assays were performed by injection of
E. coli bioparticles at the beginning of resuscitation. Kupffer cells were harvested 2 h after
resuscitation and analyzed by flow cytometry as described in Materials and Methods. A, The
gated region and percentage shown in the representative histogram indicates the percentage of
Kupffer cells that had ingested bioparticles. B, The percentage of phagocytosis in sham and
trauma-hemorrhage groups. Data are shown as mean ± SE for n = 6 animals/ group. *, p < 0.05
compared with sham.
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FIGURE 2.
Akt phosphorylation in Kupffer cells following trauma-hemorrhage. Mice were subjected to
sham operation or trauma-hemorrhage. E. coli bioparticle conjugates for the phagocytosis assay
were injected into each group immediately before resuscitation. Livers were harvested
aseptically 2 h after resuscitation. Kupffer cells were lysed immediately after they were isolated
and purified, and the concentrations of phospho-Akt in the cell lysates were determined by a
commercially available ELISA kit. Data are normalized to protein content and are shown as
mean ± SE for n = 6 animals/group. *, p < 0.05 compared with sham.
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FIGURE 3.
Akt phosphorylation in Kupffer cells. Mice were subjected to sham operation or trauma-
hemorrhage and were treated with vehicle, estrogen (E2), estrogen plus Wortmannin (E2-W),
or estrogen plus ICI 182,780 (E2-ICI) immediately before resuscitation. Kupffer cells were
lysed immediately after they were isolated and purified, and the concentrations of phospho-
Akt in the cell lysates were determined by a commercially available ELISA kit as in Fig. 2 and
as described in Materials and Methods. Data are normalized to protein content and shown as
mean ± SE for n = 6 animals/group.*, p < 0.05 compared with sham and estrogen-treated
groups.

Hsieh et al. Page 14

J Immunol. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Phagocytic capacity of Kupffer cells. Mice were subjected to sham operation or trauma-
hemorrhage (T-H) and were treated with vehicle, estrogen (E2), estrogen plus Wortmannin
(E2-W), or estrogen plus ICI 182,780 (E2-ICI) immediately before resuscitation. E. coli
bioparticle conjugates for the phagocytosis assay were injected into each group immediately
before resuscitation. Livers were harvested aseptically 2 h after resuscitation, and Kupffer cells
were isolated. The Kupffer cells were surface stained with an allophycocyanin-Alexa Fluor
750-conjugated CD11b Ab as described in Materials and Methods and were analyzed by flow
cytometry. The percentage of Kupffer cells that ingested bioparticles is shown by
representative histograms (A) and as mean ± SE (B) for n = 6 animals/group. *, p < 0.05
compared with both sham groups; #, p < 0.05 compared with the other three trauma-hemorrhage
groups.
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FIGURE 5.
p38α phosphorylation (A) and DNA binding activity of NF-κB (B) in Kupffer cells. Mice were
subjected to sham operation or traumahemorrhage and were treated with vehicle, estrogen (E2),
estrogen plus Wortmannin (E2-W), or estrogen plus ICI 182,780 (E2-ICI) immediately before
resuscitation. Kupffer cells were lysed immediately after they were isolated and purified, and
the concentration of phospho-p38α in the cell lysates was determined by a commercially
available ELISA kit. Nuclear extracts of Kupffer cells were prepared as described in Materials
and Methods for measuring DNA binding activity of NF-κB. Data are normalized to protein
content and shown as mean ± SE for n = 6 animals/group.*, p < 0.05 compared with the other
groups; #, p < 0.05 compared with sham groups.
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FIGURE 6.
Fc receptor expression on Kupffer cells without (A) or with injection of E. coli bioparticle
conjugates (B). Mice were subjected to sham operation or trauma-hemorrhage and were treated
with vehicle, estrogen (E2), estrogen plus Wortmannin (E2-W), or estrogen plus ICI 182,780
(E2-I) immediately before resuscitation. For all the groups in B, E. coli bioparticle conjugates
for the phagocytosis assay were injected into each group immediately before resuscitation.
Livers were harvested aseptically 2 h after resuscitation and Kupffer cells were isolated. The
Kupffer cells were surface stained with FITC-conjugated CD16/32 Ab and allophycocyanin-
Alexa Fluor 750-conjugated CD11b Ab as described in Materials and Methods and were
analyzed by flow cytometry. The mean fluorescence intensity was normalized to sham-vehicle
group. Data are shown as mean ± SE for n = 6 animals/group. *, p < 0.05 compared with sham
and estrogen-treated group.
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FIGURE 7.
ATP content in Kupffer cells. Mice were subjected to sham operation or trauma-hemorrhage
and were treated with vehicle, estrogen (E2), estrogen plus Wortmannin (E2-W), or estrogen
plus ICI 182,780 (E2-I) immediately before resuscitation. E. coli bioparticle conjugates for the
phagocytosis assay were injected into each group immediately before resuscitation. The livers
were harvested aseptically 2 h after resuscitation and Kupffer cells were isolated. ATP contents
were measured according to the manufacturer’s instructions for an ATP determination kit as
described in Materials and Methods. Cell suspensions were mixed with a standard reaction
solution and analyzed with luminometry. Data are shown as mean ± SE for n = 6 animals/
group. *, p < 0.05 compared with sham and estrogen-treated group.
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FIGURE 8.
Plasma concentrations of TNF-α (A), IL-6 (B), and IL-10 (C). Mice were subjected to sham
operation or trauma-hemorrhage and were treated with vehicle, estrogen (E2), estrogen plus
Wortmannin, or estrogen plus ICI 182,780 (E2-I) before resuscitation. E. coli bioparticle
conjugates for the phagocytosis assay were also injected into each group immediately before
resuscitation. Blood was obtained 2 h after resuscitation or sham operation via cardiac puncture
and was centrifuged. The plasma was collected and stored at −80°C until analyzed. Plasma
cytokine concentrations were determined using the cytometric bead array technique described
in Materials and Methods. Data are shown as mean ± SE for n = 6 animals/group. *, p < 0.05
compared with sham and estrogen-treated group.
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FIGURE 9.
Kupffer cell cytokine production capacity of TNF-α (A), IL-6 (B), and IL-10 (C). Mice were
subjected to sham operation or trauma-hemorrhage and were treated with vehicle, estrogen
(E2), estrogen plus Wortmannin (E2-W), or estrogen plus ICI 182,780 (E2-I) before
resuscitation. E. coli bioparticle conjugates for the phagocytosis assay were also injected into
each group right before resuscitation. The Kupffer cells were harvested as described in
Materials and Methods. The cells were cultured in a 96-well plate at a cell density of 5 ×
106 cells/ml for 24 h with 1 µg/ml LPS. The cell-free supernatants were harvested and stored
at −80°C until assayed. Data are shown as mean ± SE for n = 6 animals/group. *, p < 0.05
compared with sham and estrogen-treated group.
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FIGURE 10.
Postulated diagrammatic presentation of estrogen (E2)-mediated restoration of Kupffer cell
phagocytic capacity following trauma-hemorrhage.
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